Summary Intakes of starch, non-starch polysaccharides (NSPs), protein and fat have been compared with colorectal cancer incidence in 12 populations worldwide. There were strong inverse associations between starch consumption and large bowel cancer incidence (large bowel r = -0.70, colon r = -0.76). There was no significant relation with NSPs, although the association with large bowel cancer incidence was still significant when NSP was combined with resistant starch (RS) to give an estimate of fermentable carbohydrate (large bowel r = -0.52, colon r = -0.60). The relationships between starch, RS and NSPs and cancer incidence remained statistically significant after adjusting for fat and protein intakes. The strong inverse associations found here suggest a potentially important role for starch in protection against colorectal cancer and correspond with the hypothesis that fermentation in the colon is the mechanism for preventing colorectal cancer. Measures of both starch and NSPs need to be included in future epidemiological studies of diet and bowel cancer.
significant relation with NSPs, although the association with large bowel cancer incidence was still significant when NSP was combined with resistant starch (RS) to give an estimate of fermentable carbohydrate (large bowel r = -0.52, colon r = -0.60). The relationships between starch, RS and NSPs and cancer incidence remained statistically significant after adjusting for fat and protein intakes. The strong inverse associations found here suggest a potentially important role for starch in protection against colorectal cancer and correspond with the hypothesis that fermentation in the colon is the mechanism for preventing colorectal cancer. Measures of both starch and NSPs need to be included in future epidemiological studies of diet and bowel cancer. In epidemiological studies of colorectal cancer, diet is strongly associated with colorectal incidence rates. Crosssectional, case-control and prospective data demonstrate increased risks for high meat and fat consumption, and a reduction in risk for individuals and populations consuming high amounts of dietary fibre and vegetables (Bingham, 1990; Tomatis, 1990) . The attributable population risk from low dietary fibre consumption is presently estimated to be 35% (Tomatis, 1990) .
The recommended definition of dietary fibre is non-starch polysaccharides (NSPs) (Department of Health, 1991) . NSPs escape digestion in the small bowel and are then largely fermented by bacteria in the colon with the production of short-chain fatty acids (acetate, propionate and butyrate). Bacterial growth is stimulated, which, together with any unfermented NSPs, leads to an increase in stool weight, dilution of colonic contents and faster transit time through the large gut (Stephen & Cummings, 1980) . Recent studies have shown an inverse association between high stool weight and colorectal cancer incidence (Cummings et al., 1992a) . It is through fermentation that NSPs are thought to protect against bowel cancer.
However, recent studies in man have shown that a significant amount of starch also escapes digestion in the small gut, depending on the physical form of food eaten, the granule type, and how it is cooked and processed (Englyst & Cummings, 1985 , 1986 . This starch, called resistant starch (RS), is again largely fermented in the colon, and has laxative properties similar to NSPs (Cummings et al., 1992b) . Starch may be particularly important as a protective factor in colorectal cancer because both in vivo and in vitro studies have shown that fermentation of starch increases the amount of butyrate formed in relation to other fatty acids Scheppach et al., 1988) . Butyrate was first suggested as a protective factor in colorectal cancer because it is a major product of fermentation in the colon and it is known to suppress cell proliferation (Cummings et al., 1981) . It also inhibits histone deacetylation, leading to arrested growth in the GI phase and alteration of chromatin accessibility to DNA repair enzymes (Kruh, 1982; Smith, 1986) . Butyrate induces differentiation in colon carcinoma cell lines (Whitehead et al., 1986) , and in rodents luminal butyrate levels are inversely associated with colonic cell proliferation, and positively associated with histone acetylation (Boffa et al., 1992) . High-starch diets fed to mice have also been shown to reduce proliferative activity in the colon (Caderni et al., 1989) .
Although starch intake is frequently disregarded in dietary surveys, it is possible that RS may be a major protective factor against colorectal cancer. In a correlational study we have therefore determined the epidemiological relationship between total starch intakes, RS and NSPs and large bowel cancer risks.
Methods
There is considerable international variability in survival for large bowel cancer, thus incidence data were considered more appropriate than mortality data for this study. Published cancer incidence data are currently available for 31 countries worldwide (Muir et al., 1987) . Dietary information from population samples of adult men and women living in these countries was then obtained. The Indian dietary data were obtained in Bangalore, and Bangalore incidence data were used in the analysis. However, all other food intake data were obtained from national samples, and mean national cancer incidence rates were calculated from all registry data available for each country. All-age male and female colon and rectal cancer rates, age standardised to world populations, were used to calculate mean national cancer incidence rates for each country.
Information on starch, NSP, fat and protein intake had previously been gathered by the authors and their collaborators for UK, Denmark, Finland and Japan (IARC Large Bowel Cancer Group, 1983; Kuratsune et al., 1986; Bingham et al., 1990 (Paul & Southgate, 1978; Englyst et al., 1988 Englyst et al., , 1989 . The amount of RS in the diet is more difficult to determine because analytical estimates of RS in specific foods published in food tables record only retrograded amylose (Holland et al., 1988 (1994), 69, 937-942 that 4-10% of starch in mixed diets reaches the large gut (Stephen et al., 1983; Flourie et al., 1988) . In order to obtain an estimate of RS and NSPs reaching the large gut, we have therefore taken a conservative estimate of 5% total starch as RS and combined this with NSPs. Estimates were restricted to those populations with large bowel cancer incidence data (Muir et al., 1987) and, because of analytical differences between methods, only those analyses measuring dietary fibre as NSPs have been used.
Statistical analysis of dietary intakes and colorectal cancer incidence was performed using Systat 5.1; Pearson correlation coefficients and multiple regression were used.
Results
Three reports found in the search of Nutrition Abstracts and Reviews provided sufficient dietary information for inclusion in this study (Calkins et al., 1984; Kaufmann et al., 1986; Junshi et al., 1991 (Lee & Cunningham, 1990) , while the OPCS 'The Dietary and Nutritional Survey of British Adults' study (Gregory et al., 1990) Figure 1 shows the association for the male and female data combined for starch and colon cancer (r = -0.76). Inverse associations were also shown for NSPs, but these were much weaker and not statistically significant. However, significant inverse associations were found when rates were related to total fermentable polysaccharides (NSPs + RS; r = -0.70 to -0.93), particularly for females. Data for the sexes combined related less well.
Positive associations between colon and large bowel cancer incidence and protein intake were observed for men but not for women (Table II) . Fat consumption was weakly related to colon and large bowel cancer incidence in women, but only to large bowel cancer for men (Table II) .
In multiple regression analysis (Table III) Colon cancer incidence Figure 1 The association between starch intake (g day-') and colon cancer incidence (males and females combined, n = 22) (cases per 100,000 age-standardised world population year-').
analysis when the effect of fat was allowed to be modified by the level of starch (statistical interaction) then fat became very important (Table III) colon cancer mortality rates in 38 countries. They reported higher estimates of dietary fibre intake in low colon cancer risk countries (r = -0.36). However, because of the strong (r = 0.88, 0.74) correlations with meat and fat, the fibre correlations were not significant when multiple regression analysis, adjusting for meat and fat intake, was performed (r = -0.18 and -0.36 respectively). In the present study positive associations between fat, protein and large bowel cancer were also found, although correlations were generally smaller than those reported by McKeown-Eyssen and Brightsee (1985) (r = 0.56-0.65, Table  II ). NSP intakes were also inversely associated with bowel cancer, but the correlations were not significant (Table II) and weaker than those with fat and protein. When adjusted for fat and protein intake, the associations with NSP remained insignifiant (Table III) .
However, we have previously shown, in a study of bowel cancer mortality within the UK using data from The National Food Survey, a survey of households, that even after controlling for fat, beef and protein intakes the protective associations with NSPs and vegetables are independently related to bowel cancer (Bingham et al., 1979 (Bingham et al., , 1985 . Significant inverse relations between bowel cancer and intakes of dietary fibre for NSPs were also obtained in two studies of geographical areas at differing risk of colorectal cancer within Scandinavian populations (IARC Large Bowel Cancer Group, 1982; Rosen et al., 1988) . Case-control studies of individuals within populations also generally show a reduction in relative risk for individuals consuming more NSPs (Bingham, 1990; Tomatis, 1990) . Within populations at high risk for bowel cancer, from high meat and fat consumption, reduced consumption of dietary fibre is therefore associated with increased risk (Tomatis, 1990) . Willett et al. (1990) were unable to detect a protective association between dietary fibre and colorectal incidence in their prospective study of US nurses. However, in a later prospective study of adenomas, in which an extended dietary questionnaire was used, risk of individuals in the highest quintile of fibre intake relative to the lowest was 0.36 (P<0.001) (Giovannucci et al., 1992) . Fibre is not the only possible protective item in food, and neither is it the only substrate for fermentation in the large bowel. Intakes of starch are usually 8-10 times higher than intakes of NSPs (Table I) , and a significant proportion of starch reaches the large bowel. Consumption of starch in relation to large bowel cancer has not previously been considered in international comparisons. Brightsee and Jazmaji (1991) There are known differences in faecal weight and transit time between sexes, and differences in colorectal cancer incidence by subsite which have been linked to differences in metabolism of the sex hormones (McMichael & Potter, 1983; Cummings et al., 1992a) . Confounding of sex may therefore have accounted for the lower correlations for the combined estimates compared with the sex-specific estimates (Table II) . Short-chain fatty acids are rapidly absorbed from the colon, with little difference in the molar ratios of acetate-propionate-butyrate in the distal versus the proximal colonic contents . It is probable that starches fermented at a slow rate would be of particular benefit in cancer protection in the distal colon and rectum, where butyrate is specifically utilised by these populations.
Owing to the paucity of data in food tables, there are very few epidemiological studies reported which have assessed starch consumption in relation to colorectal cancer risk. Tuyns et al. (1987) , in one of the largest case-control studies so far reported, found reductions in relative risk to 0.82 (not significant) and 0.67 for increased levels of polysaccharides and fibre consumption respectively. No significant trends for starch were observed in other case-control studies in Utah and Russia (Slattery et al., 1988; Zaridze et al., 1993) .
The present study is the first to examine international associations between starch consumption and large bowel cancer. The associations with starch were strong (large bowel cancer r = 0.70; colon cancer r = -0.76). We have assumed as a conservative estimate that 5% of total starch would enter the large bowel, and when combined with NSPs to give RS and NSPs entering the colon, the association with cancer incidence was weaker but still significant, r = -0.60 for colon cancer and r = 0.52 for large bowel cancer. These relationships between polysaccharides and cancer incidence remained statistically significant after controlling for fat and protein intakes.
Omission of important confounding variables from the statistical analysis can lead to bias in estimating exposure effects if those covariates are associated with exposure and disease (Greenland, 1992) . One important class of covariates are 'effect modifiers', therefore our statistical analysis included interaction terms. The results of this analysis suggest that starch intake modifies the effect of fat. Therefore, starch appears to protect against fat intake in relation to colorectal cancer. All of these results suggest that epidemiological and experimental investigations need to take account of starch, RS and NSP intakes in future investigations.
Although ecological correlation studies are generally considered as suggestive rather than investigative, in nutritional epidemiology 'ecological studies are ideal for examining new, a priori hypotheses and may lead on to studies of individuals from which causality may be inferred with greater confidence' (Margetts, 1991) . One of the main limitations of the current study is the problem of matching the cancer incidence data with appropriate dietary information. In as far as was possible, the cancer incidence data used in the analysis covered the same population from which the diet data were obtained. The cancer incidence data in China rely on data from three urban regions, however even when the China data were removed the correlation coefficients observed were similar (for example, colon cancer and starch: r = -0.86 males, r = -0.88 females and r=-0.75 males and females combined).
The strong inverse associations found here, together with other data, suggest an important, though not exclusive, role for starch in protection against colorectal cancer. Our hypothesis is that fermentation in the colon is the mechanism for achieving colorectal cancer protection, via the specific contribution of butyrate to reduction of proliferation and induction of differentiation (Cummings et al., 1981) . This, together with more recent studies demonstrating a preference for butyrate production by the bacterial flora when starch is the main substrate for fermentation , the documented laxative effects of starch (Cummings et al., 1992b) in addition to those of NSPs (Cummings et al., 1992a) and the protective relation between increased stool weight and colorectal cancer (Cummings et al., 1992a) all suggest a mechanism for the epidemiological associations.
